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By Mark W. Kelly  and  Jeffrey H. Tucker 

A full-scale  wind-tunnel  investigation was made to determine  whether 
the  effects of blowing  high-velocity air over  trailing-edge  flaps  could 
be  adequately correlated by  the  jet  momentum  over a wide  range of  Jet 
velocities (i.e., jet  pressure  ratios  from  subcritical to 9.5). The 

had  been  equipped  with  plain flaps having  blowing  boundary-layer  control. 
Three-component  force  data  and f l o w  and pressure ratio  requirements of 
the  blowing  boundary-layer  con-&rol  system w e r e  obtained  at  Reynolds 
numbers of 7.6x1os and 10.~10 . 

+ model selected for these t e s t s  was a 350 sweptback en@; airplane  wbich 

Good correlation of _I€ft with Jet  momentum was obtained  over  the 
above  range of jerpressure ratios. 

INTRODUCTION 

It  has  been  experimentally  demonstrated In many previous  investiga- 
tions  that  Large  increases in Wt at l o w  speeds may be obtained by eject- 
ing high-velocity air over wing trailing-edge  flaps (e .g. ,  refs. 1 
through 4). The  results of most of these  investigations  indfcate  that 
the  increase in lift  obtained by using blowtng boundary-layer control  is 
primarily a function of the momentum of the  air  ejected  over  the flap. 
This  means  that St should be possible to obtain  the sme increase  in f l a p  
effectiveness  with  either high mass flows and l o w  jet  velocities or l o w  
mass flows  and  high  jet  velocities,  as long as the momentum of the Jet is 
not  changed. This is of considerable  practical  importance for tm reasons: 
(1) it  indicates  that  the flow and  pressure  ratio  requirements of a blowing 
boundary-layer  control  system  can  be  satisfied  by a wide  variety  of pump- 

. 
m ing systems and (2) it  means  that  the  amount of wind-tunnel  testing  is 

* - 
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considerably  reduced  and  simplified  since it is not necessary to dupli- 
cate  the f l o w s  and  pressure  ratios of all pumptng  Systems  that  might be 
of practical  importance, 

In the  investigations  reported  in  references 1 and 2, it was found 
that  the  increase in f l a p  effectiveness  due to blowing could  be  correlated, 
within  experhental  accuracy,  with  the  jet  momentum  over a range of jet 
pressure  ratios from subcritical  to 4.6. (The  jet  pressure  ratio is 
defined as the  ratio of t o t a l  pressure in the  duct  ahead of the  flap 
nozzle  to  free-stream  static  pressure.)  However, as pointed  out  in refer- 
ences 3 and 4, this  degree of correlation has not  ~ l m p  been  obtained. 

s 

At  the  present  time,  blowing bmdary-layer control systems are  being 
considered on a number of' airplanes  having  high  performance  engines  which 
are  capable of providing  air to the boundary-layer control  sy8tem  at  pres- 
sure  ratios of the  order of 10. This is roughly t m  to three  times the 
rnaxhum pressure ratios utilized Fn the  investigations  of  references 1 ' 

and 2. Since  the  justification  for  using  the  jet  momentum  as the primary 
design  parameter  is  largely  empirical,  it was believed  advisable to invee- 
tigate in tbe wind tunnel  the  performance of a blowing boundary-layer 
control  system using pressure  ratios of about 10. 

" 

The  specific  purpose of this  investigation xaa to determine experi- 
mentally  whether  the  effectiveness of a blowing-flap i n s t a l l a t i o n  could 
be  specified  over a Wide  range of jet  pressure  ratios  by  the  momentum of 
the  jet. An F-93 airplane  which  had been equipped  with a-5-37 engine and . 

b l o x h g  boundary-layer  control flaps was  utilized  as a model  for  this 
investigation.  The t e s t s  covered a range of Jet pressure  ratios from eub- 
critical t o  9.5 and  were  conducted at Reynolds  nmibers of 7 . 6 ~ 1 0 ~  m d  

i 

, " 

1o.m10=. 

NOTATION 

A area, sq ft 

b wing span, ft 

C' w i n g  chord parallel to plane of symmetry, ft 
n b /2 

- 
C mean  aerodgnamic  chord, JO 

b /2 

C thrust  coefficient of tailpipe 



FG 

S 

sf 
T 
u 

drag  coefficient, - *ab3 
4,s 

lift  coefficient , - lift 

qoos 

increment of lift  coefficient due to flaps 

pi tching-moment  coefficient , pitching m e n t  
qaF" 

rate of change of lift  coefficient with-f lap deflection  for 
full wing-chord f l a p  (given as Q i n  ref. 6 )  

1 

distance  from  engine  thrust l i n e  to moment  center,  positive . 
%hen thrust  line  is above moment  center, ft 

flap lift-effectiveness  parameter 

w ~ v ~ ~  grogs thrust from engbe, - 
g f 

acceleration  of p v - i t y ,  32.2 ft/sec2 

nozzle  height, in. 

static  pressure, Ib/sq ft 

total  pressure, ~ / s q  ft 

total  pressure in flap  duct, ~b/ sq  f t  

aynamic pressure, 1h/sq f t  

" 

Reynolds  Ilumber, '3 ; or gas contstant f o r  air, Y 

1716 sq ft/sec2 OR 

wing area, sq ft 
wing area spanned by flaps , sq f t  

temperature , R 
velOcity,  ft/sec 

0 

3 
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'TP 

W 

Y 

X 

Y 

z 

A 

a 

6f 

-f 6 

V 

Y 

E 

f 

t 

velocity a t  ex i t  of engine  tailpfpe,  ft/sec . .  

weight rate of flow, lb/sec 

specific .weight of air a t  standard  conditions, 0.0765 lb/cu f t  

distance d o n g  a i r f o i l  chord narmal t o  wing quarter-chord  line, in. 

spanwise distance perpendicular to plane of symmetry, ft 

height  in  inches above wing reference  plane defined by quarter- 
chord line and the chord of the wing section at 0.663 b, 

2 
sweep angle, deg 

angle of attack of fuselage  reference line, deg 

f l a p  deflection, measured normal t o  f l ap  hinge line (given as 
- 6 i n  re f .  6) , deg 

flap  deflection, measured i n  a plane  parallel to the  plane of 
symmetry (given as 6 in ref. 61, deg 

kinematic  viscosity of sir, ft2/sec 

r a t i o  of specific  heats, for a i r  1,4 

Subscripts 

tmillng-edge  f lap  duct 

engine 

trailing-edge flaps 

f l a p   J e t  

t o t a l  

c 
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U uncorrected 

TD engine  turbine  discharge 

TP engine ta i lp ipe  

ca free stream 

MODEL AND APPARATUS 

Model 

The model consisted of an F-93 airplane on vhich  the normal single- 
s lo t ted   f laps  had  been  replaced by blowin@; boundary-layer-control f l aps  
similar to those  used i n  the  investigation  reported in reference 1. I n  
order  to  obtain the desired  high jet pressure  ratlos, a J-57 turbojet  
engine was instal led  in   the  a i rplane.   Since  the existing side inlets 
were not adequate to supply  the air  f l o w  required by t h i s  engine,  the 
f ront  end of the fuselage was modified to a l l o w  a nose inlet to be 
ins ta l led  

A photograph of the model installed i n  the Ames 40- by 80-foot wind 
tunnel is shown in figure 1. The major  dimensions of aerodynamic impor- 
tance are shown i n  figure 2. The coordinates of the wing a i r fo i l   sec t ions  
are   given  in  table 1. Details of the KLng and f laps  are shown i n  figure 3. 
The chordwise location of the  nozzle shown i n  figure 3 was used throughout 
the tests. This  particular  location is  the same as tha t  used f o r  most of 
the  investigation  presented  in  reference I, and was chosen to afford di rec t  
comparison of those results with the data presented  herein.  Ststic- 
pressure o m i c e s  were i n s u e d  i n  the   f lap  upper surface so that   the  
degree of f l o w  separatiori  could  be e s t b a t e d .  Measurements of the  nozzle 
opening across  the span of the  f laps are pres.ented in figure 4. These 
measurements w e r e  all taken with no flow  through  the  nozzle and with the 
nozzle a t  &lent temperature. However, it is  believed  that  the  nozzle 
opening did pot change s ignif icant ly  under load, since the  upper  and  lower 
nozzle  blocks were  rigidly  secured WLth screws and 0.5- inch wlde spacers 
at 3-1/&-inch intervals.  

Instrumentation 

Measurements t o  obtain CP.- The weight rate of flow of air delivered 

to  each f l a p  was measured bg a three-quarter radtua  flowmeter (ref. 5 )  
ins ta l led   in   the   b leed  air ducting near the  root of each f lap.  The f l o w -  
meter with  ducting was calibrated  against  a standard  thin  plate  orifice.  
The total   pressures and t e m p e r a t u r e s  needed t o  compute the jet momentum 

ture measurements were made near   the   f lap   t ip  t o  make sure that the jet 
velocity was uniform along the span of the  f lap.  

- .  w e r e  also measured near the f l a p  root. Additional  pressure and tempera- 

I 

-e 
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Measurement of engine  thrust.- The gross  thrust of the  engine was 
obtained from measurements of the  turbine  diecharge  total  pressure a8 dis- 
cussed in   the  sect ion  ent i t led "Engine Thrust  Calibration." These pres-  
sure measurements were made with  the  total  pressure probes furnished  Kith 
the engine. The weight rate of flow through the  engine,  required  for com- 
putation of ram drag, was obtained from turbine  discharge  total.-pressure 
and total-temperature measurements. 

Range of Variables 

The investigation covered a range of momentum coefficients from zero 
t o  0.022, and of f l a p  jet pressure  ratios from subcri t ical  up to 9.5. I n  
order to u t i l i z e   t h i s  range of pressure  ratios,  the  flap nozzle openings 
were changed from 0 . O k  t o  0.006 inch, The *del w88 tested Kith f l a p  
deflections of Oo , 45' , and 60' , and a t  Reynolds numbers of 7.6X1O6 and 
10.7xlO' based on the mean aerodynamic chord (8.22 fee t ) .  These Reynolds 
numbers correspond to  free-stream dynamic pressures of 25 and 50 pounds 
per  square  foot,  respectively. All t e s t s  were made with  the  horizontal 
t a i l  off. The leading-edge slats were retracted  but  not  sealed through- 
out  the  test   except  for one run made t o  investigate  the  effect  of sealing 
the  slat-wing  juncture. 

Method of Testing 

Aerodynamic data.- The variation of CI, Kith $ at  angles of attack 
below the s t a l l  was determined by varying CP at  angles of attack of 0' 
and 8O, The effects  of blowing on C h  were determined  by pitching 
the model tbrough the s t a l l  with various conatant  values of momentum coef- 
f ic ien t .  The additional  information  required  to  obtain  typical l i f t ,  drag, 
and pitching-momeat data for the model was obtained by t e s t i n g  at several 
other  angles of attack  with a constant jet  momentum well above tha t  
required t o  attach  the flow on the flap,  

Engine thrust  calibration.- The gross thrust  of  the  engine w a s  com- 
puted from measurements of  turbine  discharge total pressure by the 
following equation: 

. 
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. When the  engine was operating  with  the  tailpipe choked, it was assumed 
that   the  j e t  static pressure a t  the ta i lp ipe  exit was equal to 

-Y 
(y+l)/2]7-'ptTD. when the  ta i lpipe was not choked, it was  assumed tha t  

- 
the   Jet   s ta t ic   pressure was equal to free-stream  static  pressure. The 
nozzle thrust coefficient was evaluated by  Bolving f o r  C i n  the  abwe 
equation with values of FG determined from dnd-tunnel balance measure- 
ments. It w&5 not possible to dt rec t ly  m e a s u r e  FG WLth the wind-tunnel 
balance system since  operation of the  engine a t  high thrust induced a f l o w  
of about 80 feet per second i n  the wind-tunnel tes t   sect ion.  The values 
of FG used t o  obtain  the thrust coefficient C were obtained by correct- 
ing  the measured thrust   for   a i rplane drag and W e t  ram drag by  the 
f o l l o x i n g  equation: 

FG = Measured Thrust + %so,S + g WE U, 

The thrust   cal ibrat ion was made at  a free-stream dynamic pressure of 
10 pounds per square foot. The drag coefficient was obtained from engke- 
off tests a t  the same tunnel speed. (It is recognized that   the  d m g  co& 
f i c i e n t  of the airplane with  the engine operating may not be the same as 
with the  engine  off. However, the total drag of the  airplane a t  a dynamic 
pressure of 10 pounds per-square  foot is only a s m a l l  percentage of the 
engine  thrust, and any ef fec ts  of changes i n  drag coefficient on the com- 
puted gross thrust  should  be  negligible.) 

The weight rate of flow through the engine =B cmputed from turbine 
discharge measurements us€= the following equatlon: 

WE - w3 = gApTp 

As in the computation f o r  FG, it was assumed that, wfien the  tai lpipe was 
choked, tke Jet s ta t ic   pressure at the nozzle exit was equal to 

[ (YCl) /21 '-'ptTn.  When the  tai lpfpe was not choked, it was assumed tha t  
the jet s ta t ic   pressure wa6 eq-l. to free-stream s t a t i c  pressure. In 
addition,  the above amputation assumes t ha t  the nozzle  coeffictent is 
equal to 1.0. 

- Y  - 
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c0mcT10Ns 
IWfects of Wind-Tunnel Walls 

The followj-ng corrections for the effects  of wind-tunnel wall in te r -  
f erence were made: 

a =  a, + 0.639 cr, 

CD = C& + 0.0112 c 
Lu2 

c m = c m ,  

Effects of Engine Operation 

The force data obtaFned  from the wind-tunnel balance system were 
corrected for the effects  of engine thrust  a8 fal lows:  

total moment FG d %% d +"" sQs (E cos a + 
qms E C 

These corrections  include  the force on the inlet duct due t o  turning  the 
air when the  airplane i s  at an angle of attack. The distance, 2 ,  from 
the moment center to the point  in  the  inlet   duct at which this force may 
be considered to  ac t ,  was obtained by solving  the above moment equation 
f o r  2 / E  with values of C, obtained from engine-off tes ta .  

RESULTS AMD DISCUSSION 

Correlation of Momentum Coefficient 
With Flap F,ffectivenesa 

The variation of CL wlth CP, pd/p,, and CQ is shown in  figures 5 
and 6. These data were obtained f r o m  a series of t e s t s  i n  which the model 



configuration was not changed  except  for  the  size of the  jet  nozzle open- 
ing,  hs,  which w a ~ 3  reduced from 0.042 inch to 0.006 inch.  (These  values 
of hs correspond  to  values of hs/c  from O.OOOk2 to 0.00006, respec- 
tively.)  The  data  presented in  figures 5(a) and 6 ( a )  indicate  that  the 
size of the nozzle opening had no signif5cant  effect on the  variation of 
CL with cfl. The.  variation of CL with  pa/p, and C Q ~  presented  in  fig- 
ures 5(b) , 5(c) , 6(b) , and 6( c) , show that  the  variation of CL with 
pa/po,  and CQ was , of course,  significantly  affected by the  size of the 
nozzle.  Similar  results  were  obtained  in  the  investigations  reported  in 
references 1 and 2. I n  general,  the  conclusions  stated in reference 1 
were  not  altered  by  the  results  of  thfs  investigation;  that  is, no signtf- 
icant  effects w e r e  obtained on the  variation of CL with Cp due to 
increasing  the  flap  Jet  pressure  ratio from the maximum value of 2.9 used 
in that  investigation to 9.5. 

Effects of Blowing on the  Lift, 
D r a g ,  and  Pitching b e n t  

Typical  effects of blowing over  the  flaps on the  lift, drag, and 
pitching-moment  characteristics of the  model are shown  in  figure 7 -  These 
results  are similar to those  presented in reference 1 with  the  exception 
that was lower  and  the stall u8s not 80 abrupt.  This w a s  primarily 
caused by leakage  through  the  leading-edge  slat  joints  which  were  not 
sealed  for  these  tests as they were in  the  investigation  reported in 
reference I. 

Comparison With  Other  Results 

The  variation of % with Cp, presented in figure 8 ,  was obtained 
in  this  investigation  at a ReynolaS nmber of 7.6x1oS to  permit a dlrect 
comparison with reference 1. These data show  tEat  the 4 f o r  values 
of % Over 0.0ll obtained on the model as  used in most of the  tests 
(slats  not  sealed  and  hatches open) was approximately 0.17 less than  that 
obtained on the F-86D airplane. As shown i n  figure 8, approximately 0 -07 
of this  difference was due to f l o w  through the open fuselage  hatches on 
the F-93 and  to  leakage  through  the  slat joints. (The  fuselage  hatches 
were left open for most of the  tests  to  aid  in  engine  cooling.) I n  addi- 
tion, a difference of about 0 .O5 in A% would be expected  theoretically 
because of plan-form  differences.  (The F-93 WLng had the same size  flaps 
but a larger  wing  than  the F&D. ) 
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Comparison  With  Theory 

Theoretical  flap  lift  increments  computed  using  the  theory  presented 
in  reference 6 are presented  in  figure 8 along with  the  experimentally e 

obtained  variation of CL  wlth  CP.l  With  the  fuselage  hatches  closed, 
the  experimental ACL at R C of 0.011 is  approximately 6 percent b e l o w  
the  theoretical  value.  With  &ese  hatches open, the  experimental 
was about 14 percent  below  theory.  Pressure  distribution  measurements 
on the  flaps  indicated  that for this Cp the f l o w  was essentially 
attached in both  cases. It is  believed  that  the  differences between 
theory  and  experiment for the twu airplanes are p-rily due  to  different 
fuselage  effects on the span loading of the wings which  are not taken into 
account fn the  theory of reference 6. (The F-93 airplane has similar 
wing panels but a larger fuselage  than  the F-86D airplane.) 

CONCLUSION 

The  results of this  investigation  show  that  the  increase  in  effective- 
ness of the f laps  with  blowing  boundary-layer  control  can  be  correlated 
with  the  jet  momentum  coefficient for je%  pressure  ratFos from subcritkd 
to 9.5. 

. " . .  . . " 

Ames  Aeronautical  Laboratory 
National  Advisory  Committee for Aeronautics 

Moffett  Field,  Calif., July 19, 19.56 

%he theoretical  flap  effectiveness was estimated f r o m  

- 
For the F-93 wing 

dor/dSf. = 0 . 9  (fmm curtre f o r  theoretical f l a p  effectiveness, 
fig. 3, ref. 6. Average  flap-chord  ratio of 
0.23 perpendicular to flap hinge line.) 

tan 9 = COS +tm Sf = 0-895 tan + 
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TABLF: I. - COORDTmATEs OF TBE WrmG AIRF0-n SECTIONS NORMAL TO THE WING 
&uARm-cHoRD LIKE AT Two SPAN STATIOIJS 

[Dimensions  given in inches] 

Section  .at 0 .kg1 semispan 
T 

X 

0.231 
738 
943 

1.127 
1.320 
1.607 
2.104 

3.121 
3.428 

2 715 

3 0863 
4.157 
4 357 
4.480 
40 533 
4.525 
4.444 
4 299 
4.081 
3.808 
3.470 
3 -066 
2.603 
2.079 
-.740 

2 

f Lower 
surface 

"- 
-0.307 
- ,316 
-.69 
- -895 

-1.196 
-1.703 
-2.358 
-2.811 
-3 . 161 
-3.687 

-4.573 
-4.77-9 
-4.800 
-4.812 
-4.758 
-4.638 
-4.432 
-4.202 
-3.891 
-3.521 
-3 .089 

-4.064 
-4.364 

"- 
Leading-edge radius: 1.!202, 
center  at (1.201, 0.216) 

~ 

Section at 0.863 semispan 
I Z 

X 

0 
.a89 
.177 
295 

.443 
,738 

1.476 
2 . 952 
4.428 
5 . 9 3  
8 .e55 
11.806 
14.758 

20.66~- 
23.613 
26;  364 
29 . 516 
32.467 
35 . 419 
38  0370 
4i. 322 

a47.225 
63.031 

17.710 

44.273 

-0.098 

.420 

.562 

.TO1 

.go8 
1 . 273 
1.730 
2.046 
2 0290 
2.648 
2.9l.l 
3.104 
3.244 
3.333 
3.380 
30373 
3.322 
3 0219 
3 0074 
2.885 
2.650 
2.374 
2.054 . 3= 

.278 

Lower 
surface 

-" 
-0 -464 
-.a5 
- -739 - 897 
-1 .m9 
-1.437 
-1.878 
-2 . 176 
-2 . 401 
-2 722 
-2.944 

-3 . N O  
-3 -2% 
-3 2 5 6  
-3.213 
-3.126 
-2.989 
-2.803 
-2.574 
-2 . 302 
-1.96 
-1.625 

-3.102 

"- 
teading-edge  radius: 0.822, 
center at (0.822, -0.093) 

aStraight lines to trailing  edge 
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Figure 2.- General arrangement of model. 

. 



Figure 3.- Details of wing and flap boundary-layer control system. 
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Figure 4.- Spanwise veriation of f l a p  nozzle height at ambient pressure and temperature. 
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(a) Variation of CL Kith Cp. 

Figure 5.- Effect of nozzle height o ~ l  flaw requirements of the boundary- 
layer control system; 6f = @, R = 1o.plP.  
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(b) Variation of CL with pressure r a t i o ;  6f = 60'. 
Figure 5.- Continued. 
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(c) Variation of CL w i t h  CQ; Ef = 60°. 
Figure 5.- Concluded. 
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0 .004 .008 .OB .016 ,020 .024 .028 
CP 

(a) Variation of Cr, w i t h  Cp. 

Figure 6. -  Effect of nozzle height on flo~~requirements of the boundary- 
Layer control S y B t a l ;  6f = 43 , R = 10. w o e .  
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(b) V a r i a t i o n  of CL with pressure ratio; 6f = 45O. 

Figme 6.- Continued. 

9 
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( c )  Variation of CL with CQ; 6f = 45O. 

Figure 6.- Concluded. 
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